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QUARXTUNNELINGIN NYPERNIJCLEI

T. Goldman
Theoretical Divison, Los Alamos National Laboratory

Los Alamos, New Mexico

ABSTRACT

A new model of nuclei is described.
● re discussed, Its implications for and
are introduced.

87545

Its qualitative successes
new tests in hypernuclei

I begin from the assumption, based on its successes in
particle physics and hadron spectroscopy, 1 that Quantum Chromo-
Dynamics (QCD) is the correct theory of the strong interactions.
Nuclear physics must then be a derivable aspect of QCD and one must
●sk how to achieve this. Conventional nuclear physics implicitly
assumes that one should first construct ba~ons and ❑esons, and
then analyze their residual, color singlet (van der Waals-like)
interactions. Although this has been a very successful phe-
nomenolo8y, it has no mathematical justification within QCD.

To see this, consider the QCD path integral with quark sources
fl)i:

Z[rl,fi] =Jd[q]d[~]d[G] ●xpi {SQCD+ (1)

jd4x (~rl +fiq) ]

i6 the QCD action and G represents gluofi fields, and the
;;;;;i%? derivative

This describes, at once,
●) free propagation of A nucleons
b) 2, 3, . . . A-1 body interactions of A nucleons with

othemise free propagation ‘
c) A-nucleon scattering resonance ●nd bound state poles,

Part c) includes ●ll nuclei of baryon number A and their ●xcited
●tat.es. (Part b) includes ●ll smaller nuclei, ) In Eq. (2), all
#luon fluctuations have been swmned over, and ●ll hi8her ~uark Fock
components are implicit. In principle, even strange (s-s), charm
(c-c), etc. nuclear components ● re included.

At premsnt, we do not know how to ●valuate Eq. (2) directly
●nd non-perturbatively. Even lattice QCD calculations,2 which
study hrndron spectroscopy, are prerently limited to lattices with
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●n overall size of about 1 fm. So we.must make a gue~s as to what
classical configurations dominate the path integral. The guess
which is the starting point of conventional nuclear physics is that
the 3A quarks clump into A regions of relatively high quark
density, which we identify ● s nucleons, ●nd that there ●re no
significant phase relations between the quark ●mplitude!; in these
regions.

However, the motion of the quarks relative to the c. ❑ . of
each nucleon implies that the quark wavefunctions, ●ven from
nucleons in different orbitals, are not orthogonal. Further, the
meson exchange picture of the nuclear force populates the inter-
nucleon regions with finite quark amplitudes. Finally, the nucleon
size is large compared to the average inte~-nucleon spacing,
whether evaluated for a full Breuckner-Hartee-Fock (BHF) A-body
wavefunction, or for close packed hard spheres. All of these
points lead us to believe that phase correlations can, and will,
develop between quark waves nominally in different nucleous.

I want to emphasize the unreasonableness of omitting such
phase relations, ab initio. Although the quark amplitude may
rapidly diminish in the region beyond 1 fm from the c. ❑ . of a
hadron, we know on general quantum mechanical grounds that the
overall quark ●igenstates of two such hadrons, at any separation~
must be tbe symmetric and antisymmetric combinations of the indi-
vidual wnvefunctions. For “large” separa~ions, these two states
will be almost degenerate, and we can ignore the difference for
“short” interaction times. But “large” sac? “short” should be
demonstrated. It could happen that tbe ●ffects cf the phase corre-
lations are negligible. Ous calculations, however, show that, at
nuclear matter density, the internucleon separations are not large
●nough, and the nuclear time scale is not short ●nough t~ignore
these phase correlations. They have s~nificant ●ffects on the
scale of nuclear binding ●nergies. This is ● common effect in
solid atate physics ●nd in chem!stry, Two ●xamples: The ●lectrons
in the bands contribute to the stiffening of crystals. The benzene
ring is not made of Carbon atoms, but of Carbon “cores”; the
binding and stiffening ●re due to delocalized, phase coherent
●lectrons.

To proceed, we must give ●n ansatz, ultimately to be tested
from Eqs. (1) ●nd (2), which reflectrn the lumpiness of the quark
density distribution in nuclei. We assume3 that the result cf the
path integration over the gluon firld ●nd over the quark-tintiquark
pair fluctuations is ●n ●rray of A truncated QCD potentials, the
●i8enstate of which ● re to be filled by 3A quark!]. The QCD
potential is that between a quark (color triplet) ●nd ●n anti-
triplet of color. The A origins for this confining potential, which
we term color sin~let centers (CSC), correspond to nucleon c. m.’~
for ●n intrinsic BHF wavefunction. The potential at s given point
is that calculated from the neareut CSC; thus the potentials are



truncated in the nuclear interior. Quarks ●re still confined to
the region of the ❑ucleus by the potential arising from the CSC’S
on the nuclear surface. Fig. 1 Bhows ● one dimensional represen-
tation of our mean field pot~ntial and the lowest ●igenmode.-

Fig. 1. Mean field potential and wavefunction of Iowef;t
eigenmode.

Before ●mbarking on detailed calculations of nuclei in this
model, we examined a toy problem3 to aee if ●nythiag like real
❑uclei resulted from our anaatz. This toy problem involved cubical
nucleons, with delta-functon barriers on the frnces between cubes,
●nd ●n infinite barrier at the surface. The delta-function barrier
strength increased as the square of the separ~tion between the
nucleons. The advantages of the Cartesian separation of variables
● re obvious.

The toy problem ●xhibits tbc ●xpected features: The lowest
eigenstate haa ● quark ●nergy lower than in ●n individual (cubical)
nucleon. The highest filled state has the s-me wave number ●s in a
nucleon, but oscillates coherently ● cross the nucleus (180° phase
cban8e from one cube to the next). The wavefunctions for i%=27 ●re
uhown in Fig. 2. The overall ●nergy of the nucleus riues ●s it is
compressed, due tn stronger localization of the quark waves. The
overall ●nergy ●lso rises if one increases the separation between
the nucleona due the increased barrier strength snd so, reduced
tunneling. The mean binding energy per nucleon saturates ●t 30 -
60 ?leV, for large nuclei ●nd reasonable values of the barrier
strength.

Using West’n technique, 4 we have ●lso found the quark proba-
bility distribution in our nuclei. These chow ●nhancement both ●t
low ●nd high momentum fraction, x, relative to the distribution in
● nucleon. The fomer, known as the IHIC ●ffect, is due to quark
delocalization in our nuclei, ●nd the latter is due to collective



nuclear recoil, often described as Fermi motion. We find a weak
increase in the EHC ●ffects with increasing A, qualitatively con-
sistent with the data. We have not sttempted a detailed fit to the
data using this highly ●rtificial toy model.

-9b -b z b 3b
Fig, 2. Navefunctlons of three lowest Cartesian eig( lmodes

fO~ A-27; b-O.93 fm.

The toy problem illuminates many features of the true model.
One is led naturally to a quark “shell” model of nuclei. The
energy eigenstates cluster, forming almost n band, ranging from 60
to 10 HeV below the ●igcnenergy of a quark ~n a nucleon. A second
“band”, with wider spacing of the modes, appears from ●bout 100 l’leV
above the top to twice the top ●nergy of the lowest band. It i6

clear from this, and Pauli cxcluaion, that the quark higher Fock
components ● re suppressed: The ●ddition of an ●ntiquark provide6
much less biuding energy than ❑ust be paid to be put a quark in the
second band. Of course, tbe intrinsic wavefunctions must be pro-
jected to definite ●ngular momentum states, which we did not do in
the toy problem.

It is imnediate in this quark “-hell” model that double charge
exchan8e (DCX) in nA ~catterine is not ● convolution of two single
chorgs exchange~ (CEX) CEX proceeds dominantly by u * d quark
interchange, producing ● ttrong-rl cignale when phase-space is not a
constraint, while DCX requires dd ●nnihilation into uu to ●ccompany
CEX. Thus, two u’s must contend with Pauli blocking, btrange~ess
●xchan8c is similarly straightforward: The s-quafk in ● ~may
cxchangr with ● u from the target nucleum, but the s from ● K , to
firnt urrler, finds no ●ppropriate tmrget, and so is Buppres-ei.



In the quark “Bhell” ❑odel, hypernuclei ●ppear to be very
different than in the conventional picture. Instead of ● A sinking
down to the lowest nucleon state, it is ripped ●part: The strange
quark may aettl? into the bottom of the well, but its ●ccompanying
up ●nd down quarks are blocked
in the nucleus.

, and must occupy the highest levels
If viewed as a single object, the A stays at a

higher ●verage level than expected. The net result is ● smaller
binding energy for the A than ●xpected.’

Hypernuclei provide a wonderful new testing ground for our
quark model of nuclei. Unlike conventional calculations, which
●cquire ❑yriads of ●ssentially free parameters which ❑ust be meas-
ured, (although in principle, they can be calculated from QCD) such
a~ the A-N scattering length and A spin-orbit coupling, our model
has only the strange quark mass as a new parameter, and thi~ ❑ust
be consistent with the A, 0, ●tc. masses. Having fixed this, we
can predict hypernuclear masses with no free parameters.

Although we have not yet done so with precise calculations,
simple, parton-model-like ●stimates can be made quickly. In 41ie,
we must replace one of the 12 ordinary quarks with a strange one.
Because it is ❑assive, delocalization is lass significant for it
and

The

so it provides less binding energy: We ●stimate
*

qHe ~ t
(3)4He+@~+m~-E

A q

binding energy is about 20 HeV.

The result is quite sensitive to m~, the strange quark mass. A
more precise quark-nucleus calculation should yield a significant
value of ms from the experimental value of the binding energy. As
it is, the came parameters ● s in Eq. (3) imply that the binding

‘He ia 45 HeV.●nergy of These ●stimatea do not include any
reduction ~e to the separation of the s-quark from its u,d
partners in different states. This is ●lso true for the corre-
sponding 13 lieV ●stimated binding ●ner~y in large ❑uclei.

Although these results ● re not ●ccurate, we have landed in the
right ballpark f ith an ●xtremely crude ●pproximation. Conventional
calculation must invoke A-l cou ling (mixing) to ●void over-
bidding’ the A. In our picture,

N
~2 is ●ctually ● misnomer: An

ordinary quark has been replaced by a atran8e quark, but there is
nothin8 to indicate ●ny orgaci~zation of quurko into ● A or ● Z.
Cnly the overall ieospin is well defined; ● s such, A-Z mixing is to
be ●xpected , ●s both can contribute to ● state of given inospin ●nd
strangeness,

An ●n ●side, we raise the question of “hyponuclei,” namely ‘z
+ A. Here the ordinary ●nLiqUarkS aa well ● s the (anti) strang~
quark can sink to the lowest energy state. Also, there is no addi-
tional color electric ●nergy required to ●eparate the three unti-
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quarks into different ●igenstates ●s there was for the quarks.
Thus , we ●xpect ai8nificantly larger binding. Unfortunately, it
will not be large ●nough to prevent .

(4)

which is an open channel with ●t least 1 GeV available. Observing
the bindin8 energy of such ● short-lived hyponucleus is probably
very difficult.

The last test we would like to discuss is hypernuclear beta
decay. As you well know, A + N + n in a lar8e nucleus is Pauli
blocked, but the weak scattering AN + NN may still occur. Our
model draws the same conclusions on the quark level: ~ + ud~ is
blocked but su + ud can occur. In ‘He + ‘He + n, the channel is

+●ven open and the wavefunction over ap is good. In 5He, the decay
+channel with 8ood overlap is blocked, but there is su ficient phase

space to reach “sHe”, where the overlap is poor.

Semileptonic decays may provide more distinctive and quanti-
tative tests. Since the weak decay varies as the fifth power of
the energy released, we expect at least ● 10% difference from the
absolute %emi-leptonic decay rate of a free A. It should be possi-
ble to make this estimate #cry accurate , ●ven beyond the spectator
ripproximation. The result should be different from conventional
calculations because the strange quark provides virtually all of
the bindin8 energy. In the conventional picture, this is shared
with the u and d quarks since it is the A, ●s a whole, which binds.

In conclusion, I have described a potentially viable new model
for nuclear physics, which is closely linked to QCD and has es-
sentially no free parameters. Althou8h I have not described a
realistic application, I am presently workin8 with K. Schmidt and
G. J, Stephenson, Jr. on 4He, using the full Dirac equation with
QCD potentials derived from channonium ●nd upsilon studies. So
far, we have found that quark delocalization provides ●t least ●s
❑uch binding ●nergy as needed to match ●xperiment.

I have il:dicated that spectra and decay rates in hypernuclei
may be predicted to be very different from what is ●xpected in the
conventional pictcre. This ic in ●ddition to new observatiorm ap-
plicable to ordinary ~~ciei, such ●s the implicitly phonon char-
●cter of excitation s ●ctra,

i
mnd the virtual ●bsence of pionic

field in ●ny nucleus. Because of the significant differences
between a strange quark ●nd a point A in a nucleus, hypernuclear
physics offer~ ●n outstanding opportunity to clarify one of the
forefront problems in nuclcer physics today - ❑amely its relation
to QCJJ,

Let me close with the observation that if this new picture of
nuclei irn ●xperimentally confirmed, the vaat wealth of nuclear
pheilomena will then foster the study of QCD at larae distances.
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